N euromyelitis optica (NMO) is currently recognized as an inflammatory central nervous system (CNS) disorder that preferentially affects optic nerves and the spinal cord. It is triggered by binding of pathogenic, complementactivating IgG autoantibodies to the ectodomain of aquaporin-4 (AQP4), which is highly expressed in the plasma membrane of astrocytic foot processes and is the major CNS water channel.
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The detection of AQP4 IgG unifies diverse neurological presentations known collectively as NMO spectrum disorders. The presently recognized spectrum includes optic neuritis, transverse myelitis, intractable vomiting/hiccups, dysphagia, inappropriate antidiuresis, central hypotension, oculomotor dysfunction, hearing loss, narcolepsy, central endocrinopathies, and encephalopathy. 1 Although not yet implicated pathogenetically, AQP4 also is expressed in plasma membranes of cells outside the CNS, including renal medullary collecting tubules, gastric parietal cells, and fast-twitch skeletal muscle fibers where it effects rapid fluid movement and cell volume changes during contraction. 2 Seven patients have been reported with hyperCKemia as an antecedent or accompaniment of NMO attacks, but muscle involvement has not been documented histopathologically. [3] [4] [5] [6] [7] One reported AQP4-IgG-seropositive case had longitudinally extensive myelitis accompanied by myocarditis, myositis, and evidence of diffuse edema in pelvic and anterior thigh muscles (detected by use of magnetic resonance imaging). 8 That case suggests that NMO IgG may interact with plasmalemmal AQP4 in skeletal and perhaps cardiac muscle.
Here we describe the presentation and muscle biopsy findings of a patient who had recurrent hyperCKemia, preceding and coinciding with classic opticospinal NMO symptoms. OBSERVATIONS We report on a 51-year-old woman who had relapsing optic neuritis, transverse myelitis, AQP4-IgG seropositivity, and recurrent myalgias with hyperCKemia. A muscle biopsy revealed scattered myofibers with internal nuclei, atrophy, and regeneration but no necrosis. Mild inflammatory exudates, in endomysial and perivascular spaces, consisted of lymphocytes, histiocytes, and scattered eosinophils. The sarcolemma exhibited loss of AQP4 and deposition of IgG and complement activation products, characteristics not seen in control biopsy samples of healthy muscle and immune-mediated myopathies.
Report of a Case
CONCLUSIONS AND RELEVANCE Recurrent hyperCKemia accompanying AQP4-IgG seropositivity reflects targeting of skeletal muscle AQP4 by pathogenic IgG. The entity of autoimmune AQP4 myopathy extends the neuromyelitis optica spectrum beyond the central nervous system.
Methods
The patient's muscle biopsy sample was assessed diagnostically in frozen sections. Hematoxylin-eosin staining and avidinbiotin-based immunohistochemistry were performed on formalin-fixed, paraffin-embedded, 5-μm sections. Control biopsy samples of muscle included 4 normal samples and 2 samples of cases of immune-mediated myopathy (dermatomyositis and autoimmune necrotizing myopathy). The primary antibodies were polyclonal rabbit anti-human AQP4 (1:250; SigmaAldrich), anti-human IgG (1:1000; Dako), anti-rat C9 neoantigen (1:2000) , and monoclonal mouse anti-human C9 neoantigen (1:400; from B. Paul Morgan, MB, PhD, at Cardiff University's School of Medicine, Cardiff, Wales).
Results

General Muscle Pathology
Numerous myofibers showed internalized nuclei, with scattered atrophic and regenerating myofibers (without necrosis), variable atrophy of type II fibers, and preservation of type I fibers (positive for adenosine triphosphatase). Endomysial and perivascular spaces contained mild inflammatory exudates (lymphohistiocytic with scattered eosinophils) ( Figure 1A-D) . No rimmed vacuoles or abnormal mitochondrial accumulations were seen (with modified Gomori trichrome stain). Cytochrome oxidase and acid phosphatase stains were unremarkable.
AQP4 Loss in NMO Skeletal Muscle
Myofibers in the patient's biopsy samples showed extensive AQP4 loss ( Figure 1E and F) . By contrast, myofiber surface AQP4 immunoreactivity was abundant in healthy control muscle fibers and detectable, but variably reduced, in the 2 disease control biopsy samples ( Figure 1G -J).
Immune Complex Deposition in NMO Muscle
The scattered nonnecrotic myofibers in the NMO biopsy sample exhibited colocalization of sarcolemmal IgG and C9 neoantigen deposits indicative of attack by complement-activating IgG (Figure 2A-C) . The healthy control myofibers and the nonnecrotic fibers in control cases with immune-mediated myopathy lacked sarcolemmal immune complexes. However, occasional scattered myofibers and blood vessels in the normal and immune-mediated myopathy biopsy samples showed evidence of endomysial, perimysial, and sarcolemmal IgG deposits or cytoplasmic, but not sarcolemmal, C9 neoantigen immunoreactivity. Necrotic fibers in control immune-mediated myopathy biopsy samples displayed sarcolemmal IgG and cytoplasmic C9 neoantigen immunoreactivity ( Figure 2D-I ).
Discussion
The case we have documented here, of an AQP4-IgG-seropositive patient with NMO and recurrent hyperCKemia with muscle pathology compatible with complement-activating IgG targeting sarcolemmal AQP4, confirms organ involvement beyond the CNS as a component of NMO spectrum disorders. Restriction of immunoglobulin and complement deposits to linear sarcolemmal regions where AQP4 loss was tient lacked evidence of cardiac disease and had no alternative cause to explain the elevations of CK level other than the incriminating finding of sarcolemmal immune complex deposition. Sarcolemmal lesioning by AQP4-specific IgG and complement plausibly explains other reports of hyperCKemia in NMO. It remains to be determined how commonly hyperCKemia occurs in NMO. Episodes may be insufficiently severe to produce myalgic symptoms or prompt serum CK testing. How might AQP4 loss lead to hyperCKemia in the absence of fiber necrosis? The major CK isoform of muscle is located in the cytoplasm and is largely not bound to the cytoskeleton. 10 Aquaporin-4 is anchored in the sarcolemma as a component of the dystrophin-associated protein complex linking the cytoskeleton to the extracellular matrix. A breach or structural disorganization in the sarcolemmal membrane could allow for the leakage of CK into serum. 10 Sarcolemmal damage and an elevated serum CK level are characteristic of conditions such as dysferlinopathy, in which membranous AQP4 is reduced, and Duchenne and Becker muscular dystrophies, in which the dystrophin-associated protein complex is disorganized.
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The role of AQP4 in bioenergetic pathways and in the intracellular calcium dynamics of muscles suggests another potential mechanism for the hyperCKemia observed in NMO. Several muscle proteins related to metabolism are reduced in AQP4-null mice, without compromising sarcolemmal integrity.
14 Calcium homeostasis is particularly perturbed in fast-twitch muscle fibers, which express AQP4 most abundantly. Thus, IgG-induced loss of sarcolemmal AQP4 in NMO could lead to metabolic and structural myofiber damage with resultant CK leakage. . In normal skeletal myofibers, IgG is confined to blood vessels in the endomysium and perimysium (G), and C9 neoantigen immunoreactivity is in proximity to scattered perimysial vessels (H and I).
servations demonstrate the potential of an AQP4-specific immune response to target antigen-expressing cells in non-CNS organs.
In conclusion, myopathy can be considered a pathophysiological component of the NMO spectrum disorders defined by AQP4-IgG seropositivity. Recurrent hyperCKemia accompanying AQP4-IgG-seropositivity is evidence for targeting of extra-CNS AQP4 by pathogenic IgG. Lack of evident muscle pathology in previously reported cases of NMO-related hyperCKemia may reflect (1) patchy muscle involvement in NMO, (2) a limited number of muscle biopsy sites, and (3) failure to evaluate biopsy samples immunohistochemically for AQP4, IgG, and activated complement component immunoreactivities. Skeletal muscle involvement in NMO may be underrecognized clinically. Episodic muscle pain may not be reported by patients with NMO, and serum CK testing is not routinely performed. Application of AQP4 immunohistochemistry may be useful for evaluating muscle biopsy samples in the investigation of unexplained hyperCKemia. In addition to skeletal muscle, we predict that the spectrum of NMO will extend to other AQP4-enriched organs, such as the kidney, heart, retina, inner ear, stomach, and bronchioles. Therapies targeting humoral immune responses can be anticipated to limit extra-CNS tissue injury in patients with NMO spectrum disorders as is observed for acute CNS manifestations.
